Interleukin-4 is a cytokine produced by activated T cells, mast cells, and basophils that elicits many important biological responses[1] (see Tab 1 ). These responses range from the regulation of helper T cell differentiation [2] and the production of IgE[3] to the regulation of the adhesive properties of endothelial cells via VCAM-1 [4]. In keeping with these diverse biological effects, high-affinity binding sites for IL-4 (Kd 20 to 300 pM) have been detected on many hematopoietic and non-hematopoietic cell types at levels ranging from 50 to 5000 sites per cell [5]. This review will focus on the discrete signal transduction pathways activated by the IL-4 receptor and the coordination of these individual pathways in the regulation of a final biological outcome.
These studies generally found two major complexes crosslinked to 125 -increases the survival of cultured B cells, T cells, and other hemopoietic cell types.
-induces the expression of MHC class II on B cells and monocytes and CD23 on B cell.
-directs immunoglobulin class switching to the IgG1 and IgE isotypes.
-directs T helper cell differentiation to the Th2 type.
-diminishes the inflammatory functions of monocytes and macrophages while enhancing their antigen presenting functions.
II. Other systems -can inhibit the growth of transplanted tumors in vivo and can diminish the growth of certain cancer cells in vitro.
-induces growth and chemotaxis in human fibroblasts and the production of IL-6, extracellular matrix proteins,and ICAM-1.
-regulates expression of VCAM-1 on huma endothelial cells and VLA-4 on T cells and eosinophils.
-reduces C1 -secretion by intestinal epithelial cells.
The molecular cloning of cDNA encoding IL-4 binding proteins [8] [9] [10] [11] indicated that s single chain of ～140,000 Da constituted a high affinity IL-4 binding site . The IL-4Rαbears two pairs of cysteine residues and the WSXWS motif characteristic of the hematopoietin receptor superfamily [12] , a classic transmenbrane domain, and a very large cytoplasmic domain. A second naturally occuring form of mRNA was observed in murine cells [8] . This form gives rise to a soluble high affinity IL-4 binding protein of 40 kDa.The nucleotide sequence of the cDNA encoding these molecules indicated that both share the extracellular, ligand binding domain, but that the 40 kDa form lacks the transmembrane and cytoplasmic domains. Examination of the structure of the murine gene [13] revealed that exon 8 codes for a soluble form of the IL-4Rα. Thus the two species of receptors are likely to arise from alternative RNA splicing.
The IL-4 receptor complex also contains other polypeptide chains, consistent with the early cross-linking studies. Theγchain of the IL-2 receptor (commonγorγc) associates with the IL-4Rαchain following the binding of . This complex has been called the Type I IL-4 receptor [15] . In addition, the low affinity binding chain for IL-13 (IL-13R-α), a cytokine that elicits biological responses similar to IL-4, can also function as an IL-4Rα associating chain [16] [17] [18] . The IL-4 receptor containing the IL-13Rα has been termed Type II [15] .
Both types of IL-4 receptors are competent to signal the activation of similar biochemical signaling events (see below). However, experiments using human B cells have suggested the possibility that there may be some differences in the outcome of signaling via the Type I or Type II IL-4 receptor [15] . For example, human B cells respond to both IL-4 and IL-13 with a rapid but transient production of inositol (1, 4, 5)-triphosphate followed by an elevation of cAMP [19] . This has not been observed for murine B cells, which lack expression of the IL-13Rα. The differential response suggests that the IP3/cAMP response may be a result of signaling via the Type II receptor rather than the Type I receptor. More direct experimentation will be needed to clarify the basis for potentially important differences.
Signal transduction by the IL-4 receptor complex

Janus kinases
It has been known for some years that treatment of cells with IL-4 activates cytoplasmic tyrosine kinases [20] . The Janus family of tyrosine kinases (JAKs) are of critical importance in inititating these pathways [21] . JAK1 is associated with IL4R-αwhile JAK3 is coupled to theγc [22] [23] [24] . Both JAK1 and JAK3 become tyrosine phosphorylated upon treatment of hematopoietic cells with 26] . The identity of the kinase(s) associated with IL-13Rα is not yet clear. However, it has been reported that JAK2 or TYK2 can also be tyrosine phosphorylated in response to IL-4 in some cell types [27, 28] . Heterodimerization of the receptor subunits is thought to activate the kinases and initiate the signaling cascade.
It has been shown that IL-4 can signal in cells expressing the IL-4Rαand either γc or the IL-13Rα [29] [30] [31] demonstrating that the simultaneous expression of both associating chains may not be necessary for signal transduction. Indeed, it was recently observed that IL-4 treatment is able to induce the tyrosine phosphorylation of a STAT (STAT6) in cell lines derived from SCID patients lacking theγc or JAK3, although less efficently than in normal cells [32, 33] . These results indicate that in the absence ofγc or in the absence of the kinase to whichγc associates, JAK3, IL-4 signaling can occur, most likely via the Type II IL-4 receptor.
Since both types of IL-4 receptors utilize the IL-4Rαchain, it has been predicted that JAK1 would be critical for signaling IL-4 responses [22] . Indeed, we and others have observed that the IL-4-induced tyrosine phosphorylation of IRS-1/2 and STAT-6 is impaired in cells lacking the JAK1 kinase [34, 35] . These results point to a critical role for JAK1 in IL-4 signaling. However, in some cell types tyrosine phosphorylation of JAK1 in response to IL-4 cannot be detected [36] suggesting that JAK1 is expressed at very low levels or that some other kinase can replace JAK1 in some circumstances.
Stat6
One of the signaling pathways initiated by IL-4 includes the activation of a latent, cytoplasmic transcription factor that is a member of the signal transducers and activators of transcription (STAT) family [37] , termed STAT6. The JAK-dependent activation of STATs following engagement of cytokine receptors is associated with their rapid tyrosine phosphorylation and nuclear translocation, presumably allowing these molecules to regulate transcription of cytokine-responsive genes[21, 37]. As noted above, STAT6 is tyrosine phosphorylated by IL-4 and binds to consensus sequences found within the promoter regions of IL-4-inducible genes [38] [39] [40] [41] [42] . The JAKl-dependent tyrosine phosphorylation of STAT6 results in its dimerization and translocation to the nucleus. By virtue of its ability to bind to DNA sequences found in the promoter elements of IL-4-responsive genes, STAT6 participates in the IL-4-induced regulation of gene expression.
The insulin receptor substrate
A second signaling pathway activated via the IL-4 receptor involves the insulin receptor substrate (IRS) family (IRS -1 and IRS -2) [43, 44] . These proteins are large cytoplasmic docking proteins (170-180 kDa) which contain many sites for serine/threonine and tyrosine phosphorylation. Tyrosine phosphorylated sites within IRS-1 and IRS-2 associate with high affinity to cellular proteins that contain SH2 domains, including the p85 subunit of PI-3K, growth factor receptor-bound protein 2 (GRB2), the SH2 and SH3 domain containing adaptor protein nck, the src-family kinase fyn, and the src-homology protein tyrosine phosphatase 2.
Studies examining the functions of IRS1 and IRS2 have indicated that they can signal similarly [44] . Both are targets for tyrosine phosphorylation induced by treatment of cells with insulin, IGF-I, or IL-4. Both can interact with other signaling proteins as described above. In addition, in IRS1 knockout mice many insulin functions are intact [45, 46] suggesting that IRS1 and IRS2 are functionally redundant for insulin signaling. However, a recent study found that there are some differences in the spectrum of proteins recruited to IRS1 as compared to IRS2 and differences in insulin vs IL-4 stimulated cells [47] . The mechanism of these differences is not clear. Most cells of hematopoietic origin express IRS2, but not IRS1, whereas other cell types may express either one or both [43, 44, 48, 49] . Human thymocytes and peripheral T cells have been shown to express both [50, 51] . It is possible that the activation of IRS1 or IRS2 by IL-4 may have subtle consequences for downstream signaling pathways.
Other singaling molecules IL-4 activates several other singaling molecules including c-fes [52] and Shc [53] The importance of c-fes in IL-4 singaling is not clear, but some evidence suggests that it may regulate growth and production of IgE in response to 55] . The importance of Shc in IL-4 signaling is controversial. It has been reported that IL-4 does not induce the tyrosine phosphorylation of Shc [28] . However, IL-4 clearly induces the tyrosine phosphorylation of Shc in murine B cells [53] . In addition, a cell line which is highly responsive to IL-4 and lacks IRS expression demonstrates potent Shc phosphorylation in response to IL-4. An additional protein, FRIP-1, that binds to the same region of the IL-4Rαthat binds IRS-1/2, is tyrosine phosphorylated in response to . The roles of these molecules in IL-4 singaling will require further examination.
Regulation of growth
Over the last 5 years numerous studies have examined the mechanism of IL-4-mediated proliferation of cells. Many of these have taken advantage of factor dependent cell lines. The myeloid progenitor cell line 32D expresses endogenous murine IL-4 and insulin receptors but does not express mRNA for either IRS1 or IRS2 and fails to grow in the presence of insulin, 57, 58] . Stable transfectants of 32D expressing IRS1 or IRS2 display both tyrosine phosphorylation of IRS-l/2 and a proliferative response to murine IL-4 treatment as well as to insulin and IGF-I. Transfection of truncation mutants of the human IL4Rα into 32D/IRS1 demonstrated that the region between amino acids 437 and 557 is important for human IL-4 induced IRS-1 phosphorylation and growth in these cells [59] . This interval contains a single Y residue surrounded by a sequence motif (491PLVIAGNPAYRS-FSD505) that is homologous to sequences found in the insulin and IGF-1 receptors. This motif has been designated the insulin-IL-4 receptor motif (I4R motif). Mutation of the central Y residue of the I4R-motif to an F in the hulL-4Rαimpairs its ability to signal IRS1 phosphorylation or to induce a proliferative response upon treatment with IL-4 in the majority of expressing clones [59] . In addition, transfer of a region of the hulL-4Rαcontaining the I4R-motif to a growth-impaired truncation mutant of IL-2Rβconveys both IRS1 phosphorylation and sustained proliferation in response to .
It was proposed a number of years ago that the I4R-motif serves as an IRS1 docking site [43] . Indeed, the I4R-motif contains an NPXY sequence which is the core sequence thought to interact with phosphotyrosine binding (PTB) domains. A direct interaction between IRS1 and the I4R-motif of the hulL-4Rαwas demonstrated using the yeast two hybrid system [56] , by direct binding of phosphopeptides [61] , and by solution structure analyses [62] . These studies revealed that the NPXY region participates directly in binding and that the phosphotyrosine(pY) and hydrophobic amino acids upstream of the pY are critical for interacting with the PTB domain of IRS1. Taken together these results demonstrate that the Y residue in the I4R-motif is important for linking to IRS1 and that the IRS pathway plays a major role in IL-4-mediated proliferation.
Interestingly, this same tyrosine residue can also participate in the binding of the PTB domain of Shc(56), a protein shown to participate in the activation of ras and the regulation of cellular proliferation in other systems. The role of Shc in the IL-4-mediated proliferative response is not understood. Of note is the observation that CT.4S cells, T cells that are IL-4-dependent, do not show the tyrosine phosphorylation of IRS in response to IL-4, but they do show Shc activation. It is possible that depending on the cell type and state of activation either IRS or Shc (or both) signal proliferation.
It was shown that a human IL-4Rαconstruct terminating at 557 was fully competent to signal proliferation(59), but was greatly impaired at stimultating gene induction and STAT6 gel shift activity (see below). These in vitro studies using receptor mutants suggested that the IRS pathway was critical for growth but that the STAT6 pathway was dispensible. However, three independent laboratories showed that STAT6 knockout mice have a modest to substantial diminution in IL-4-induced co-stimulation of B and T cell growth suggesting that STAT6 is involved in the proliferative response [63] [64] [65] . The mechanism by which STAT6 might regulate proliferation is not known. When it was cloned, STAT6 was initially thought to be uniquely activated by the IL-4/IL-13 receptors. However, it has recently been shown that anti-IgM or anti-CD40 treatment of splenic B cells [66, 67] , leptin treatment [68] , or PDGF treatment [69] of responsive cells can also induce the tyrosine phosphorylation of STAT6. It is possible that the defect in lymphocyte proliferation observed in STAT6 deficient animals is due to a defect in some other signaling pathway making the role of STAT6 in IL-4-induced growth an indirect one.
Regulation of gene expression
As discussed above, IL-4 induces the tyrosine phosphorylation of STAT6 which binds to the GAS target sequences found in the promoters of genes such as CD23 and the germline transcript for the heavy chain of IgE,Gε. Recent studies of mice with a targeted disruption of the STAT-6 gene clearly demonstrate that STAT6 is important for the induction of genes (CD23, MHC II, Gεand IL-4Rα) in response to . In addition, the ability of the huIL-4Rαconstructs to initiate gene expression and STAT6 activation has been analyzed in vitro. A construct terminating at amino acid 657 was fully capable of stimulating gene expression and STAT6 gel shift activity [70] , while a construct terminating at 557 was greatly impaired at stimultating gene induction and STAT6 gel shift activity. The deletion 557 was not able to signal the tyrosine phosphorylation of STAT6 in response to huIL-4 as detected by western blotting [42] . These results indicate that the interval between amino acids 557 and 657 is important for signaling the induction of genes and full activation of STAT6 in response to IL-4. This region contains 3 tyrosine residues, falling in a general consensus sequence of GYK/QXF, any one of which can serve to activate the gene induction pathway maximally. This region seems to function independently of the I4R-motif in these transfected cell lines. Transfer of this region of the huIL-4Rα(containing amino acids 557-657) to a truncated IL-2Rβ conveys both STAT6 activation as detected by gel shift assay and potent CD23 induction in response to IL-2, but no growth promotion or IRS phosphorylation. These results suggested that growth and gene induction in response to IL-4 are independently controlled by distinct regions of IL-4Rα. However, recent studies indicate that targets downstream of the IRS pathway actually participate with STAT6 in the regulation of Gε induction. It was shown that IL-4 induces the serine phosphorylation of the small, non-histone chromosomal protein HMG(I)Y in an IRS dependent manner [71] . This phosphorylation was sensitive to wortmannin and rapamycin, inhibitors of PI-3K and the target of rapamycin (TOR) respectively, indicating a role for PI-3K and p70S6K in this process. Previous work from Boothby and colleagues had established that the IL-4-induced serine phosphorylation of HMG(I)Y results in the de-repression of the Gε promoter thereby enhancing transcription [72, 73] .
Regulation of cell survival
IL-4 has profound effects on B and T lymphocytes [1] . As an important growth and survival factor for normal lymphocytes, IL-4 maintains the viability of small, resting cells, but is unable to induce cellular proliferation without a co-stimulatory agent. Additionally, IL-4 has been shown to reverse the effects of certain stimuli that inhibit B cell activation such as tolerogenic doses of anti-IgM [74, 75] , the cross-linking of surface IgM and Fc receptors[76] , and the susceptibility of CD40L-activated B cells to .
In addition, it has been shown that overexpression of IRS1 protects 32D cells from death induced by IL-3 deprivation [48] . The IRSl-dependent prevention of apoptosis was associated with the activation of PI-3K since wortmannin and LY294002, two inhibitors of PI-3K, partially inhibited the protection from apoptosis mediated by IL-4. Relatively little is known about the mechanisms that transmit signals beyond PI-3K in lymphocytes. Recent reports have placed PKB/Akt, p70 S6 kinase, PKCε and PKCn downstream of the activation of PI-3K [78] . Although it has been demonstrated in several cell types that PI-3K activation leads to the activation of p70S6k[79], we found that rapamycin does not block the protection from apoptosis by IL-4 in splenic B cells [48] , suggesting that p70S6K is not leading to antiapoptotic signals in this system. It is possible that the PI3K pathway leading to the protection from apoptosis in lymphocytes is linked to one of the other downstream effector molecules such as PKB. It has recently been shown that PKB activation by growth factors induces the serine phosphorylation of Bad thereby diminishing its pro-apop-totic activity [80] . It remains to be determined whether IL-4 treatment of cells also induces such a posttranslational modification.
A second pathway independent of IRS was also found to contribute to the IL-4 induced protection from apoptosis [48] . Interestingly, this pathway was dependent on the I4R motif of the IL-4Rαsince the mutation of Y to F completely abrogated the ability of IL-4 to signal protection from apoptosis. However, this pathway does not include STAT6 since IL-4 is able to protect B and T cells isolated from STAT6 deficient animals from apoptosis as well as in lymphocytes derived from normal mice [81, 82] . Both Shc and FRIP-1 have been shown to bind the I4Rmotif, and therefore, are good candidates to mediate protection from apoptosis [56] although the role they play in IL-4 signaling is currently unclear and will require further efforts for its elucidation.
Both Bcl-2 and caspase families are well know to mediate pro-and anti-apoptotic effects. However, the mechanism by which IL-4 might regulate these proteins is not known. Although there have been reports demonstrating the IL-4-induced regulation of Bcl-2 and Bcl-xL expression in factor dependent lines [83, 84] , there have been an equal number of reports showing that IL-4 does not regulate their level of expression in regular culture medium [85, 86] . It is possible that IL-4 regulates these proteins by posttranslational modification as discussed above. Very few studies have addressed the effect of IL-4 on caspase activity. A recent report shows that IL-4 could suppress caspase activity in BCLL cells [87] ; the mechanism used by IL-4 in this process remains undefined, and it will be of interest to see whether the regulation of caspases is a universal mechanism by which IL-4 protects cells from undergoing apoptosis.
Summary
While the early biochemical pathways activated by the binding of IL-4 to its receptor are distinct and independent, it appears that they can overlap further downstream leading to participation in a final biologic outcome (Fig 1) . Targets of the IRS pathway, such as HMG(I)Y phosphorylation, act in concert with STAT6 to regulate G -ε induction. Targets of the STAT6 pathway act to participate, along with the IRS pathway, in the proliferation response of lymphocytes. Recent data suggests that an unidentified pathway (that is independent of STAT6) acts with the IRS pathway to protect cells from apoptosis. This signaling picture is much more detailed than that put forth in 1994; it is likely that within the next 5 years it will be even more complex. The binding of IL-4 to the IL-4Rαinduces its association withγc (or with the IL-13Rα). The Janus family tyrosine kinases JAK1 and JAK3 bind to the IL-4Rαand the γc cytoplasmic domains, and are thought to become activated when they are brought in close proximity. Activation of the kinases leads to the tyrosine phosphorylation of the IL-4Rαand several signaling molecules including STAT6, IRS, and Shc. The phosphorylation of STAT6 results in its dimerization and translocation to the nucleus where it can bind to promoter elements and participate in the regulation of gene expression. The phosphorylation of IRS results in its association with and activation of other signaling molecules. IRS has been shown to be important in regulating cell survival and entry into cell cycle in response to IL-4. In addition, it is part of a pathway that leads to the serine phosphorylation of the DNA binding protein HMG (I)Y. The function of phosphorylated Shc is not known. 
